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ABSTRACT

Numerical analyses have been performed in order to assess the performance of old dock walls under earthquake loading and, if
necessary, to develop appropriate remedial measures and check the seismic performance of these. This paper describes the procedures
that have been adopted in order to use the numerical analysis program FLAC for time domain analyses. Boundary conditions have
been chosen in order to permit synthetic time histories of base motion to be applied to the models. Fills have been modelled as
elastic-Mohr-Coulomb
frictional materials; concrete and masonry have been modelled as elastic materials, but the inclusion of
interfaces representing construction joints or masonry bedding has an important influence on the predicted earthquake response.
Remedial measures investigated have included anchors or tension piles at the back of the dock walls and counterforts in front.
INTRODUCTION
A number of dry docks in the United Kingdom have recently
been upgraded to provide a secure environment to refit and
refuel the UK nuclear submarine fleet. These facilities are
designed to meet the requirements of stringent nuclear Safety
Cases. A major element of the Safety Case is to demonstrate
that the dock structures will perform without loss of function
when subjected to an earthquake with a peak horizontal
ground acceleration (phga) of 0.25g and a peak vertical
motion of two thirds of this value, (page of 0.17g). A further
requirement is to demonstrate that there is no ‘cliff edge’
effect, i.e. sudden collapse, when the earthquake acceleration
is increased by 40% (i.e. phga of 0.35g).

Typically,
two-dimensional
(plane strain) models with
horizontal and vertical time history forcing functions are used
to capture the performance of the structures, before, during
and after the seismic event. Time history analyses are also
convenient for generating secondary response spectra (SRS)
for use in the qualification of dockside plant such as cranes. A
pictorial representation of a typical plane strain model is
shown in Fig. 1. The different solid shadings on the plot
represent different materials or different material densities,
and the line elements represent structural members (e.g. piles
or ground anchors, and simplified representations of dockside
cranes etc.)

This paper describes generic numerical modelling techniques
which have been used with the finite difference program
FLAC in order to examine the performance of typical dock
structures when subjected to seismic loads.
NUMERICAL
Modelling

MODELLING

considerations

Understanding the response of dock structures under static and
seismic loading requires numerical techniques appropriate for
analysis of ground - structure interaction. Soils are non-linear,
history dependent, two-phase materials, which cannot be
adequately described using simple elastic models. In addition,
the potential for non-linear behaviour of joints or interfaces,
which may influence the response of the wall or supported
plant, must be considered. Therefore non-linear time history
analysis is required to predict the response of dock walls
accurately. The use of this technique gives an indication of
the performance of the structures, which cannot be obtained
from pseudo-static techniques or linear response spectrum
analyses.
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Fig, 1. Typical plane strain model showing dock structures,
buildings and supportedplant.

Explicit numerical analvsis using FLAC
The numerical analyses that are reported here have been
performed using the finite difference program FLAC v 3.3
(Fast Lagmngian Analysis of Continue: Itasca Consulting
Group, 1995). FLAC was developed specifically for analysis
of geotechnical problems and for static analysis uses a pseudodynamic procedure to convert out of balance forces into
accelerations, which lead to deformations of the continuum,
hence changes in stress state and consequent out of balance
1

forces for input to the next calculation cycle. The pseudo-time
stepping of the static analysis is readily converted to a real
time stepping for a true dynamic analysis provided realistic
material deformation and damping properties can be used.
The calculation procedure adopted in FLAC is extremely
simple, requiring only the application of Newton’s laws of
motion and equations of compatibility
and constitutive
response element by element, so that there is no necessity to
invert large matrices. Material nonassociativity and nonlinearity (including softening) are as easy to accommodate as
material linearity; geometric non-linearities can also be readily
included. There is, however, a penalty.
There are two integration schemes which are commonly used
in numerical modelling: implicit integration, and explicit
integration. Implicit analysis is unconditionally stable, and
can therefore have any size of time step consistent with
predictive accuracy, which obviously increases with smaller
time steps. However, the computational demands of dynamic
time history analysis generally limit the time step to the order
of 10”s. This in turn limits the frequency of response which
can be captured in the analysis. For example, a typical
analysis would require a time step of the order of l/10 of the
shortest period of interest in the model (ASCE, 2000). Thus a
time step of 5x10”s would only capture frequencies up to
20Hz.
FLAC, on the other hand, adopts an explicit integration
procedure constantly predicting ahead on the basis only of
information available at the present time. Explicit analysis is
only conditionally stable and thus requires a very small time
step. The time step in an explicit dynamic analysis using
FLAC is typically of the order of lo- s, when full Rayleigh
damping is used. The time step needs to be small enough to
ensure that information cannot travel across the smallest
element - at the compression wave velocity for the material It is chosen
before the next calculation cycle begins.
(automatically) according to the smallest element size for the
material with the highest stiffness. Because no matrices are
formed and inverted in FLAC the calculation penalty of
having to use such a small time step is slightly mitigated.
However, there is a clear advantage in trying to avoid very
small elements of the stiffest materials (intact rock and
concrete).
It is clear therefore, that numerical procedures which adopt
implicit integration with relatively large time steps are well
suited to pseudo-static analyses and low velocity (inertial)
dynamic analyses. Their computational advantage is reduced
for analyses in which high frequency effects are expected to
be important: for example, for situations where interfaces
open and close with consequent production of impact effects,
or where impacts arise from other causes. This will be
particularly important where generation of secondary response
spectra is required for the design of dockside plant. Similarly,
explicit integration, as adopted within FLAC, is well suited to
modelling of unstable soil deformation processes during
Paper No. 7.14

seismic events. Explicit integration can still be used for static
and inertial loading, but run times tend to be large compared
with implicit methods.
Material models
Concrete and intact rock are usually modelled as linear elastic
materials in which the relation of stress to strain is expressed
by Hooke’s law, in which deformations are reversible upon
unloading and occur without material damping.
Soils and weathered rocks are expected to show significant
material non-linearity before failure. Soil stiffness is known
to fall with increasing monotonic strain and to jump up
immediately on any reversal of the direction of straining (see,
for example, Stokoe et al, 1995). However, while rapid
progress has been made in developing constitutive models for
such materials under non-monotonic loading (for example,
Gajo and Muir Wood, 1999) these models are a long way
from being generally accepted and approved by the industry
for critical analyses of the type being reported here. For these
analyses it has been necessary to adopt a more traditional
approach and to describe the soils and weathered rocks using
a Mohr-Coulomb material model.
In the Mohr-Coulomb model the total strain increment is
decomposed into elastic and plastic parts. The elastic strain
increments are coaxial with stress increments and the
constitutive link is made through a standard assumption of
isotropic elasticity. The plastic strain increments are assumed
to be coaxial with the current principal axes of the stress in the
usual way. In this way, some rather limited account can be
taken of the non-linearity of the stress-strain relationship in
the actual material. However, material damping only occurs if
the stress state in any element reaches the Mohr-Coulomb
failure criterion and unlike real soils which show a steadily
varying stiffness, the incremental stiffness has one of only .two
values: the full elastic stiffness or zero.
The Mohr-Coulomb failure envelope (shear yield function) is
formulated in terms of effective stresses with a tension cut-off
(tensile yield function). The shear flow rule is non-associated
and the tensile flow rule is associated. In general a zero angle
of dilation has been adopted exploiting the possibility of the
non-associated shear flow rule. Associated flow would imply
excessive volumetric dilation which in a kinematicaly
confined situation can have unexpected and undesirable
effects which will not occur in the real soil.
During static and seismic analyses the fill above the water
table is assumed to be dry. Below the water table the fill is
assumed to be fully saturated and hydrostatic pore pressures
are assumed throughout the fill and the rock.
These
hydrostatic pressures are assumed to remain constant during
the seismic event. With the till being modelled as a nondilatant frictional material there would be no expectation of
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plastic volume change (and hence accompanying permanent
pore pressure development) during the earthquake.
Model boundaries

waves propagating upwards suffer no distortion. If the main
grid motion differs from the free field motion, because of
radiation of secondary waves from the surface structure or
distortion of the input motion, then the dashpots act to absorb
energy (Itasca Consulting Group, 1995).

Care is needed in choosing the boundary conditions to be used
both for the initial static analysis, from which the equilibrium
initial conditions are determined, and for the subsequent
dynamic analysis of the earthquake event.
Base boundary. At the base of the model a fixed boundary is
used for the static analyses. It would be possible to use a
fixed boundary for the dynamic analysis with an acceleration
time history forcing function. However, a fixed boundary will
act as a reflector to downward propagating waves, trapping
energy in the model. An alternative approach is to use quiet
(viscous) boundaries to absorb the radiating energy from the
model. FLAC incorporates the viscous boundary developed
by Lysmer and Kuhlemeyer (1969), which uses dashpots
attached to the boundary in the normal and shear directions.
The use of a quiet boundary for the dynamic analyses allows
waves reflected from within the model (for example, from the
dock floor) to be absorbed at the base without reflection back
into the model, thus eliminating the potential for standing
waves to develop which could influence the structural response.

Acceleration

Time History
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Fourter Power Spectrum
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It is not possible to apply a displacement, acceleration or
velocity time history input to a quiet boundary. Instead a
stress time history is deduced from the required boundary
velocity record and applied to the quiet boundary.
The
velocity values are converted to a stress wave using the
formulae;

on

=
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d
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where; a, is the applied shear stress,
a, is the applied normal stress,
v,, is the particle velocity for the shear wave,
vno is the particle velocity for the normal wave,
p is the mass density of the rock,
K is the bulk modulus of the rock,
G is the shear modulus of the rock.
Vertical
analysis
be fixed
dynamic

(lateral) boundaries.
For the purposes of static
the vertical boundaries of the models are assumed to
horizontally but to allow vertical movement. For the
analysis vertical ‘free field’ boundaries are adopted.

For a free field boundary a one-dimensional free field
calculation is performed in parallel with the main model
analysis. The lateral boundaries are coupled to the free-field
grid by viscous dashpots to simulate quiet energy absorbing
boundaries. If the main grid is uniform and there is no surface
structure the lateral dashpots are not exercised because the
free field motion is identical to the main grid motion and
Paper No. 7.14

Fig. 2. Typical synthetic time history matching the UK Hard
Site spectrum

Input motion
As the United Kingdom is an area or low seismicity it is
inappropriate to use real earthquake time-histories in the
analysis of nuclear facilities. It is therefore common UK
practice to use broad band synthetic time history records
3

which match the requirements of a UK response spectrum
(Principia Mechanica, 1981). The sites of all of the docks for
which analyses are presented in this paper have been assessed
to be ‘hard’ sites, and therefore input motions compatible with
the UK Hard Site spectrum were appropriate. No attempt has
been made to adopt a more site specific approach to selection
of the input motion. Figure 2 shows a typical synthetic time
history, presented in three ways; as a time history of
acceleration, as a power spectrum, and as a response spectrum
(matching the Hard Site response).
The Hard Site response is defined as the motion occurring at a
rock outcrop located at or near surface level, but remote from
the facility. This motion is deconvolved using the program
SHAKE91 (Idriss et al, 1992) to a depth equivalent to the base
of the model to obtain an input to the main analysis. This
deconvolution process involves applying the hard site motion
to the free outcropping surface of a rock column having
properties identical to the rock in the main model, and then
recording the motion within the rock column at the depth of
interest. The velocity history of this motion has then been
translated into a stress history as described above.
The peak vertical acceleration of the input motion is taken as
z/3 of the peak horizontal acceleration (Principia Mechanica,
1981), and is applied simultaneously with the horizontal
acceleration using a different synthetic time history with the
same spectral characteristics.
Mesh densitv
The mesh size has to be sufficiently small that the model is
able to transmit dynamic motion without loss of information.
It can be seen from the power spectrum presented in Fig. 2
that almost all of the input energy occurs at frequencies below
25Hz (the majority of the shaking occurs at frequencies below
15Hz). Following work by Kuhlemeyer and Lysmer (1973)
the Itasca Consulting Group (1995) suggests that the spatial
element size, A& should be smaller than one-tenth to oneeighth of the wavelength of the highest frequency motion that
is to be transmitted. Since the shear modulus for geological
materials is less than the confined modulus it is the
transmission of shear waves that is critical. Besides, the
principal driving force in the model comes from base shearing.
The longest wavelength, h, is given by;
a=LG
f $P
where; fis the highest frequency to be transmitted (25Hz),
G is the shear modulus of the material with the
lowest shear wave velocity,
p is the density of the material with the lowest shear
wave velocity, which is the soil.
The shear modulus of the fill, like the shear modulus of all
soils, falls as the amplitude of the shear strain excursion
increases. While the soil is modelled using a single set of
Paper No. 7.14

material parameters, some attempt is made to choose elastic
properties appropriate to the amplitudes of cyclic straining that
emerge from the numerical simulations. There is inevitably a
contradiction here with secant properties of a non-linear
material being described with a single tangent stiffness.
Experience has shown that the shear strain excursion during a
seismic event in fill retained by dock walls is typically in the
range of 0.1% to 0.01%.
The mesh size is therefore
determined using upper bound and best estimate shear
modulus G appropriate to a shear strain excursion y = 0 .Ol%,
and a lower bound shear modulus G appropriate to a shear
strain excursion y = 0.1%. Parametric studies are usually
performed.
Damping
Logically damping should be provided entirely through the
formulation of the material constitutive model. However, as
noted this is not yet practicable for commercial analyses. The
Mohr-Coulomb
material will dissipate energy through
frictional sliding only when the stress state reaches the MohrCoulomb failure criterion.
Such a model will show
dependence of damping and secant cyclic shear stiffness on
cyclic strain amplitude only if the strain cycles are sufficiently
large to bring the soil into a state of failure. For cycles which
lie below the failure criterion the behaviour will be entirely
elastic and non-dissipative. No fully tested models providing
prefailme dissipation presently exist within FLAC.
Artificial mechanical damping can be added as Rayleigh
damping, consisting of two components proportional,
respectively, to mass and stiffness. Its introduction implies a
dependence of damping on frequency which is not seen for
most geological materials. Consequently the parameters for
the two components are chosen in such a way that this
frequency dependence of the damping is rather flat for
frequencies around the natural frequency of the model being
analysed or around the dominant input motion frequencies.
Mass proportional Rayleigh damping is dominant at lower
frequencies, while stiffness proportional Rayleigh damping
dominates at higher frequencies. The introduction of the
stiffness component results in a major reduction in the time
step required for stable dynamic analysis. For large models
this gives impractically long run times if a wide ranging
parametric study is required.
Fortunately the overall
performance of the wall in terms of stress and displacement is
not significantly influenced by high frequency accelerations
(in which the stiffness component has a controlling affect),
and parametric studies can be satisfactorily performed using
the mass component only. Since the model is then underdamped at high frequencies the use of mass only damping for
assessing wall stresses and displacements is conservative.
Where mass proportional Rayleigh damping is used on its
own, the damping level is doubled to obtain the desired
damping level at the control frequency.
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Where acceleration response is being studied (e.g. the
production of secondary response spectra), the stiffness
component of damping must be included to control high
frequency information.
Full Rayleigh damping, (mass and
stiffness) is therefore required for studying the acceleration
response, and validating the analyses which use mass only
Payleigh damping.

chosen to reflect the total mass, the fundamental modes for
both horizontal sway and vertical bounce oscillations, and the
corresponding participating masses. Owing to modelling
limitations in FLAC it is not possible to lump all the mass at
the nodes, and simplifying
assumptions regarding the
participating mass of each of the modes have to be made.
VERIFICATION

AND VALIDATION

Model construction
Each analysis begins with a static run to equilibrium before
the seismic event is started. It is generally not feasible to
model the precise geological history of the rock or the
construction history of the docks, since neither of these is
known in detail. However, a construction procedure is used
which is able to retain some of the effects of the actual history
while retaining some numerical efficiency.
First a uniform site is created comprising the appropriate
geological layers (usually, rock, weathered rock and fill), with
pore pressures set according to the chosen ground water table,
and horizontal effective stresses deduced from the vertical
effective stresses by the imposition of selected values of earth
pressure coefficient at rest (l&). This stage of the analysis is
used to produce a set of stresses in the materials which are in
horizontal and vertical equilibrium
so that the subsequent
stages of analysis have an appropriate starting point.
The dock void is removed, the concrete walls and floor placed,
During this
and the model is allowed to reach equilibrium.
process the walls will move slightly and the lateral pressures
in the fill will reduce. Because the fill is modelled as a MohrCoulomb material the lower bound to the fill pressures is
provided by the fully active condition, and if the wall
movement is sut3cient these reduced pressures would be
achieved.
Appropriate pore water pressure distributions are then applied
along open interfaces and the model is run to equilibrium
again. This stage is intended to replicate the stress state in the
structure prior to any strengthening works, e.g. the installation
of ground anchors. Following installation of the strengthening
works, the model is nm to equilibrium again to give a stress
condition approximating to that which will be present in the
real structure at the end of construction. The dynamic input is
then applied to the base boundary.
Modelling

of superimposed plant

Superimposed plant such as dockside cranes is represented in
the models as lumped mass systems with two degrees of
freedom (horizontal sway and vertical bounce). In FLAC
these stick models are formed using ‘beam elements’ which
are two dimensional elements with three degrees of freedom
(x-translation, y-translation and rotation) at each end node.
The distribution of mass and the beam section properties are
Paper No. 7.14

The time history analyses outlined above are necessary to
understand the response of the dock walls and associated
structures under seismic loading. Considering the non-linear
nature of the input motion, and the geometric and material
non-linearities in the model, it is important that robust
verification of the software and validation of the models is
carried out.
Verification
Verification is a demonstration that the software is capable of
performing the task it was designed to perform, and that it is
working correctly on the computer system where the program
is installed. Verification is best done by using the software to
evaluate simplified problems (relevant to the main analyses) to
which known solutions exist (preferably closed form
solutions). Where this is not possible, the software may be
verified against independent alternative software.
It is difficult to identify appropriate closed form solutions for
the dynamic analysis of retaining walls, and the modelling of
industry standard problems, such as the generation of
active/passive earth pressures with lateral displacement, or a
sliding block problem (Newmark, 1965) usually provides an
acceptable form of verification.
Validation
Validation is a demonstration that the use of the software is
appropriate to the problem being analysed, and that the
software is being used in the correct manner. An important
part of validation is to demonstrate an understanding of the
model behaviour. This can be demonstrated by building the
model in stages of increasing complexity, quantifying the
changes in structural response and checking against
appropriate hand calculations.
The parameters to be considered in the validation of dock wall
models would typically include:
l
Location and performance of boundaries. The boundaries
should not unduly influence the performance of the
model.
l
Mesh discretisation. Is the mesh sufficiently refined to
pass the frequencies of interest?
l
Damping. Is the actual level of damping in the model
(which may comprise material, viscous and radiation
5
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l

damping) as expected? Is the model potentially over
damped at a critical frequency? (This could be the case if
inappropriate control frequencies were specified in the
application of Rayleigh damping.)
Performance of interfaces. Is the stress/displacement
relationship for an opening/closing interface as expected?
Shear strain in soil. Does the shear stiffness (G) selected
for the Mohr-Coloumb soil model reflect the cyclic shear
strain recorded during the seismic event? An iterative
process may be required to determine a shear stiffness for
the Mohr-Coulomb model which is compatible with the
degraded stiffness which would result from shear strain
excursions.

of horizontal joints (interfaces) was incorporated in the model,
extending from the rear to the front of the wall. The joints
were free to open and provided frictional resistance to sliding.
The explicit integration scheme used by FLAC is able to
capture the potential (high frequency) seismic chatter that may
occur in the joints.
This is important where secondary
response spectra must be generated from the model for the
design of supported structures like dockside cranes.

The above list is not exhaustive, and other parameters may
have to be examined depending on the problem being
analysed. The following example illustrates the importance of
boundary location.
Consider the dock structure shown in Fig. 3. The lateral
boundaries are assumed to be free field so that the soil
conditions extend to infinity from some distance behind the
back of the walls. A more extensive model including two
adjacent docks is shown in Fig. 4. other than the obvious
geometric difference, the two models are identical in all
respects, e.g. material properties, input motion etc. Figure 5
shows secondary response spectra extracted from the two
models, for the horizontal motion of the top of one of the dock
walls. It is clear that when the boundaries are positioned
between the docks (Fig. 3) the model fails to capture the
predominant 9-1OHz motion resulting from the interaction
with the adjacent docks.
EXAMPLES

Fig. 3. Model of dock with@eeJield boundaries behind walls

OF DOCK WALL ANALYSES

Three examples of dock wall analyses using FLAC are
presented (Figs 6-8). The docks in all three analyses are of
similar construction with a free standing height of around
16m. All walls were assessed for a Design Basis Earthquake
of 0.25g peak horizontal ground acceleration, with a vertical
motion of two-thirds this value (0.17g). The walls were
subsequently assessed for a Seismic Margin Earthquake of
0.35g phga with a vertical motion of two-thirds this value
(0.23g), to guard against ‘cliff edge’ effects on the design
basis event.

Fig. 4. Model of dock with adjacent docks included

2
1.5

Example 1 - dock wall with no strengthening
The dock walls and floor are of mass concrete construction,
faced with granite blocks which were used as permanent
formwork in the construction of the walls, with the mass
concrete being poured in lifts behind the facing. The presence
of the lift joints in the mass concrete could lead to cracks
opening and closing in the walls during a seismic event,
resulting in a non-linear response of the structure (sometimes
referred to as seismic chatter). To capture this effect a series
Paper No. 7.14
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Fig. 5. Horizontal SRS at the top of the dock walls@om the
models shown in Figs. 3 & 4.
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A typical section of the dock wall is shown in Fig. 6. The
wall is supported on bedrock and retains boulder clay soil with
the water table depressed by means of a seismically qualified
drainage system. The wall was originally assessed pseudostatically using a modified Mononobe-Okabe
approach
(Matsuzawa et al, 1985) but was found to be incapable of
sustaining the design basis event of 0.25g phga. However, the
wall performed satisfactorily in the FLAC analyses when
subjected to a similar seismic event.

strength interaction properties. The model incorporated a
series of horizontal joints, similar to those used in Example 1.

Fig.

L
Fig. 6. Section of dock wall with no strengthening.
The wall slides forward on horizontal joints, with almost all of
the movement occurring at the base of the wall (the location of
the lowest joint). At the end of the design basis seismic event
the permanent horizontal displacement at the top of the wall
was of the order of 200mm (depending on the parametric
variations being modelled).
A similar deformation
mechanism occurs when the wall is subjected to the 0.35g
phga margin event, although the displacements are larger.
The results of this analysis clearly demonstrate the advantage
of a performance based assessment using FLAC, over a
stability equilibrium approach like Mononobe-Okabe.
Example 2 - dock wall strengthened using ground anchors
The dock walls and floor are of similar construction to those
in Example 1, except that the retained fill comprises a
uniformly graded granular material, and the water table is
relatively high, (approximately 1.4m below cope level). The
wall was strengthened using ground anchors placed vertically
through the wall from cope level, and terminating at depth in
the bedrock. The ground anchors comprise 21 drawn wire
strands, each strand being of 15.2mm nominal diameter and
300kN ultimate tensile strength, giving a total ultimate
strength of 2 100kN. The anchors were placed at 1.5m centres.
A typical section of the dock wall is shown in Fig. 7.
The rock anchors are modelled in FLAC using ‘cable’
elements which are capable of carrying axial force but have no
flexural stiffness. At the fixed end of an anchor the cable
element interacts with the rock using specified stiffness and
Paper No. 7.14

7.

Section of dock wall strengthened with ground
anchors

Under the excitation of a 0.25g phga seismic event, the wall
exhibited a sliding failure along the horizontal joints, with
most of the movement occurring at the base of the wall.
However, the permanent horizontal displacement at the top of
the wall was limited to about 5Omm, as a result of the
presence of the ground anchors.
Example 3 - Wall strengthened using reinforced concrete
counterforts and tension piles
In this example the original construction of the dock was
similar to that in Examples 1 and 2. However, the walls were
strengthened by a series of reinforced concrete counterforts at
7m centres, supporting a new reinforced concrete deck
incorporating service subways. The counterforts provide shear
resistance to thrust from earth pressure, hydraulic and seismic
loads, as well as contributing resistance to the overturning of the
wall. Piles are located at the back of the wall coincident with
the position of the counterforts. The piles are socketed into the
bedrock and carry predominantly tensile loads which also
contribute resistance to the overturning of the wall.
The original dock floor was replaced by a new reinforced
concrete floor, acting integrally with the counterforts, thus
providing a dock lining structure that behaves as an inverted
arch. The dock floor, counterforts, new deck and tension piles
encapsulate the original mass concrete wall. A typical section
of the dock wall is shown in Fig. 8.
Under seismic excitation the retained soil, the ground water
and the inertial effects of the wall produce a horizontal load
that causes rotation about the toe of the wall with the pile at
the back of the wall providing tensile resistance. This
rotational behaviour leads to cross-coupling with the vertical
excitation; the vertical input motion leads to horizontal
displacement of the wall cope, and vice versa. Despite this
cross-coupling the strengthening works limited the peak
7

horizontal displacement at the top of the wall to less than
1omm.
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The effect of the strengthening works in examples 2 and 3 is
clearly evident.
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